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Understanding the mechanisms of nephron repair is
critical for the design of new therapeutic approaches
to treat kidney disease. The kidney can repair after
even a severe insult, but whether adult stem or pro-
genitor cells contribute to epithelial renewal after
injury and the cellular origin of regenerating cells
remain controversial. Using genetic fate-mapping
techniques, we generated transgenic mice in which
94%–95%of tubular epithelial cells, but no interstitial
cells, were labeled with either b-galactosidase (lacZ)
or red fluorescent protein (RFP). Two days after
ischemia-reperfusion injury (IRI), 50.5% of outer
medullary epithelial cells coexpress Ki67 and RFP,
indicating that differentiated epithelial cells that sur-
vived injury undergo proliferative expansion. After
repair was complete, 66.9% of epithelial cells had in-
corporated BrdU, compared to only 3.5% of cells in
the uninjured kidney. Despite this extensive cell pro-
liferation, no dilution of either cell-fate marker was
observed after repair. These results indicate that re-
generation by surviving tubular epithelial cells is the
predominant mechanism of repair after ischemic
tubular injury in the adult mammalian kidney.
INTRODUCTION
The clinical syndrome of acute kidney injury (AKI) is character-
ized by a rapid fall in glomerular filtration rate, frequently as a
result of an ischemic or nephrotoxic renal insult (Thadhani
et al., 1996). AKI is common and costly, and even mild cases
are associated with increased hospital stay, costs, and risk of
death (Chertow et al., 2005; Lassnigg et al., 2004). Patients
with AKI that can be supported through the episode have
a good chance of recovering renal function because of the
kidney’s capacity for repair. The cellular hallmark of kidney repair
is a rapid proliferative response ultimately leading to the restora-
tion of nephron structure and function. The origin of the cells that284 Cell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc.replace injured tubular epithelia are not known (Humphreys and
Bonventre, 2007; Imai and Iwatani, 2007), though several lines of
evidence suggest an intrarenal source (Duffield et al., 2005; Lin
et al., 2005). Adult stem cells are implicated in both homeostatic
tissue maintainance and functional restoration after injury in
organs such as skin and gut, but it is not yet clear whether kidney
harbors similar stem cells, where they are located, and whether
they substantially contribute to renal regeneration. Recently,
putative adult kidney stem cells have been isolated, with some
evidence indicating that they may enable epithelial repair after
injury (Bussolati et al., 2005; Dekel et al., 2006; Gupta et al.,
2006; Kitamura et al., 2005; Maeshima et al., 2006). The identifi-
cation of the relevant cell source would enable new therapeutic
strategies for treatment of kidney disease (Little, 2006).
Several observations suggest the existence of an interstitial re-
nal stem cell. Long-term label-retention studies identify a cell pop-
ulation in the interstitium of the renal papilla. The comparison of
this property with stem cells in other organs has led to the
suggestion that this kidney region contains potential adult renal
stem/progenitor cells (Oliver et al., 2004). Certain kidney markers
associated with stem cells are also expressed in a rare population
of adult interstitial cells (Bussolati et al., 2005; Dekel et al., 2006),
and such cells have been proposed to engraft into tubules of ei-
ther developing or injured kidney tissue (Dekel et al., 2006; Gupta
et al., 2006; Kitamura et al., 2005; Maeshima et al., 2003), sug-
gesting that extratubular cells can traverse the basement mem-
brane and contribute to epithelium (Kim and Dressler, 2005;
Vigneau et al., 2007). Moreover, in some lower vertebrates, adult
renal neogenesis occurs in response to injury by condensation of
mesenchyme-like interstitial cells in a process that appears to re-
capitulate embryonic nephrogenesis (Elger et al., 2003; Salice
et al., 2001). During mammalian development, renal progenitors
are located in metanephric mesenchyme, and small numbers of
such interstitial mesenchymal cells with nephron-forming poten-
tial could persist in the adult and contribute to kidney homeostasis
and repair after injury.
We have developed a method for distinguishing kidney tubular
regeneration by interstitial stem/progenitor cells from renal
epithelial cells. In this model, the Six2 promoter drives a fusion
protein of GFP and Cre recombinase. GFPCre is expressed
transiently in renal epithelial precursors during the developmen-
tal period of active nephrogenesis (A.K., M.T.V., and A.P.M.,
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Surviving Epithelial Cells Repair Injured KidneyFigure 1. Experimental Approach for Determining Whether Extratubular Cells Contribute to Tubular Epithelia after Renal Injury
(A) Two different models for renal repair. Labeled tubule cells are blue. After injury, there is necrosis and apoptosis of these labeled epithelial cells. Repair by an
unlabeled extratubular stem/progenitor cell would result in dilution of blue label after repair (model 1). Repair by intratubular, labeled cells would result in nephrons
that remain blue after repair (model 2). Bigenic Six2-GC; Z/Red (or, alternatively, Six2-GC; R26R) mice activate GFPCre expression in renal progenitor cells pres-
ent in metanephric mesenchyme, removing the loxP-STOP-loxP sequence and leading to permanent, heritable expression of either RFP or lacZ.
(B) Validation of the labeling strategy: in Six2-GC+; R26R+ adult kidneys, there is strong and homogeneous epithelial lacZ expression, with rare unlabeled collect-
ing ducts. No lacZ expression is detectable in Six2-GC; R26R+ kidneys. (Left panels) Eosin counterstain. (Right panels) No counterstain. Scale bar, 200 mM.
(C) Kidneys from Six2-GC+; Z/Red+ mice show strong RFP signal in cortex and medulla, with much less expression in renal papilla where there are many collecting
ducts not expected to be labeled in this model. Scale bar, 200 mM.
(D) Collecting ducts identified with either anti-aqp2 antibodies or DBA-lectin do not express the cell-fate markers. Upper panel shows red pseudocolor of the lacZ
enzymatic reaction. Scale bar, 100 mM.unpublished data) (Self et al., 2006). No GFPCre expression is
present in the adult, and no expression is observed after injury.
When Six2-GFPCre (hereafter referred to as Six2-GC) mice are
crossed with a floxed STOP reporter strain, Cre-dependent
removal of the stop sequence in progeny leads to constitutiveand heritable expression of a marker gene such that all
mesenchyme-derived renal epithelial cells, from Bowman’s
capsule to the junction of the connecting segment and collecting
duct, are heritably labeled. In contrast, the entire interstitial com-
partment is unlabeled. Thus, the maintenance of labeled tubulesCell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc. 285
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Surviving Epithelial Cells Repair Injured Kidneypostinjury would support a model of epithelial tubule repair by
surviving epithelial cells while label dilution would implicate an
unlabeled, interstitial stem cell in the repair process (Figure 1A).
RESULTS
The progeny of a cross between the Six2-GC transgenic mouse
and the Gtrosa26tm1Sor reporter mouse, in which the lacZ
transgene is expressed after Cre-mediated recombination of
a loxP-flanked stop sequence (Soriano, 1999), exhibited strong
and homogeneous lacZ activity in tubular epithelial cells with
nearly complete staining in the S3 segment of the proximal
tubule (Figure 1B). For immunofluorescent-labeling studies, we
utilized a second reporter mouse strain, Z/Red, that produces
red fluorescent protein (DsRed.MST, hereafter referred to as
RFP) after Cre-mediated activation (Vintersten et al., 2004).
Six2-GC+; Z/Red+ kidneys exhibited strong RFP expression
throughout tubules in the cortical, medullary, and papillary re-
gions. There was variation in RFP signal intensity among tubules
by direct epifluorescence (data not shown); however, amplifica-
tion of the signal using an anti-RFP antibody helped equalize
the strong signal (Figure 1C), though a small number of tubules still
exhibited more intense RFP signal (Figure 1C, medulla).
As expected, epithelial collecting duct cells, identified by
aquaporin-2 (aqp2) or DBA-lectin staining, did not express either
cell-fate marker, given their independent origin from the ureteric
bud, which does not express Six2 (Figure 1D, X-gal enzymatic
stain shown in pseudocolor as red). Both podocytes and pari-
etal epithelial cells in glomeruli are metanephric mesenchyme
derived, and both cell types are labeled in these models
(Figure 2A and see Figure S1 available online).
To exclude the possibility that an interstitial cell population
was genetically labeled, we examined kidney sections from three
8- to 12-week-old Six2-GC+; Z/Red+ mice for expression of RFP
in any interstitial cell population. Vascular smooth muscle cells
were identified with smooth muscle actin (SMA) labeling and
visualized with deconvolution microscopy. No colocalization of
RFP-labeled and SMA-labeled cells was observed (Figure 2A).
We also identified interstitial capillaries using the endothelial
marker CD31 and verified that CD31 and RFP are expressed in
separate compartments. Finally, interstitial macrophages were
labeled with anti-F4/80 antibodies (Inoue et al., 2005). No RFP-
positive interstitial cells were identified in any kidney region.
The same results were obtained when we examined Six2-GC+;
R26R+ kidneys (Figure 2B and Figure S2). Since RFP and lacZ
expression in adult Six2-GC+; Z/Red+ or Six2-GC+; R26R+
kidneys is restricted to metanephric mesenchyme-derived
epithelial cells, these mice are a suitable model for defining the
contribution of unmarked, extratubular cells to repair of injured
renal epithelium.
We next tested whether Cre recombinase was re-expressed in
the adult kidney either before or after injury, since such expres-
sion would compromise our ability to detect dilution of label.
We analyzed Six2-GC+; Z/Red kidney sections for Cre expres-
sion using GFP antibodies, since Cre is expressed as a fusion
protein with GFP in the Six2-GC transgenic mice. GFP expres-
sion was readily detected both by epifluorescence (data not
shown) and by antibody staining for GFP in the nephrogenic
zone of P1 kidneys (insert, Figure 2C). Adult sections processed286 Cell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc.in parallel had no detectable GFP expression in either tubules or
interstitium, including cortex, outer medulla, inner medulla, and
papilla (data not shown). We also examined postischemic
kidneys from Six2-GC+ mice for GFP expression. Using kidney
injury molecule-1 (Kim-1) as a marker for injured tubules
(Ichimura et al., 2004), GFP expression was completely absent
in the outer medulla and all other regions of the kidney, despite
extensive Kim-1 expression (Figure 2C). We additionally
performed RT-PCR on uninjured or postischemic kidney tissues
using P1 kidney as a positive control. Although endogenous Six2
and the GFPCre transgene message were both readily detected
in appropriate P1 control kidneys, we could not detect endoge-
nous Six2 or GFPCre message in either uninjured or postische-
mic kidneys at 12, 24, 48, 72, or 168 hr after injury (Figure 2D).
Examination of GFP expression by immunofluorescence micros-
copy at each of these time points confirmed the lack of GFPCre
transgene expression using the P1 kidney as a positive control
(data not shown). To further corroborate these findings, we
utilized a polyclonal antisera specific for Six2 that strongly
labeled the metanephric mesenchyme of P1 kidneys and
colabeled with GFP in Six2-GC+ mice (J.W.M. and A.P.M.,
unpublished data). In the uninjured and postischemic adult
kidney at multiple time points, this antibody did not detect any
Six2+ cell population (data not shown).
In studies using mice without genetically labeled epithelia, we
investigated the time course for proliferative expansion of injured
epithelial cells after injury. In uninjured kidneys from wild-type
mice, 0.4% ± 0.1% of tubular cells in the S3 segment of the prox-
imal tubule express the proliferation marker Ki67. Two days after
injury, 47.4% ± 6.0% express Ki67, and this fraction falls to
5.4% ± 2.3% at 7 days after injury and 2.6% ± 0.9% 15 days after
injury (Figures 3A and 3B). To verify that our injury model was in-
ducing functionally significant renal injury with full recovery,
a group of three littermates from the Six2-GC; Z/Red cross
were subjected to bilateral IRI. Twenty-four hours after surgery,
serum creatinine was 1.9 ± 0.3 mg/dL, and this recovered to
the normal mouse baseline creatinine of 0.2 ± 0.1 mg/dL 15
days after surgery (Figure 3C). Postischemic proximal nephrons
are characterized by flattened tubular epithelia with loss of brush
border as well as cell proliferation (Duffield et al., 2005; Witzgall
et al., 1994). In injured kidneys from Six2-GC+; Z/Red+ mice,
50.5% ± 5.3% of tubular epithelial cells in the S3 segment of
the proximal tubule coexpressed RFP and the proliferation
marker Ki67, which is expressed during the S, G2, and M phases
of the cell cycle. By contrast, 1.7% ± 0.6% of epithelial cells in
this region of the uninjured kidney expressed Ki67. These values
are similar to those obtained above from mice without labeled re-
nal tubules. Since Ki67-positive epithelial cells also expressed
RFP, reparative cells in the postischemic kidney derive from sur-
viving tubular epithelial cells (Figure 3D).
To quantitate cell proliferation in the postischemic kidney, we
performed unilateral IRI and pulsed mice with BrdU daily for 7
days, then sacrificed the mice and compared label incorporation
in uninjured versus injured kidneys. In the uninjured kidney,
3.5% ± 1.2% of tubular epithelial cells in the outer medulla had
incorporated BrdU, whereas in the injured kidney 66.9% ±
9.9% of epithelial cells were BrdU positive (Figure 4A). In
Six2-GC+; Z/Red+ mice that were subjected to renal injury and
allowed to recover for 7 days, analysis of outer medullary tubules
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Surviving Epithelial Cells Repair Injured KidneyFigure 2. Characterization of the Six2-GC; Z/Red Adult Kidney
(A) A cortical section from Six2-GC+; Z/Red+ bigenic kidney shows strong arterial smooth muscle actin (SMA, green) signal that is distinct from epithelial cells
expressing RFP (red). A glomerulus (g) is seen with both parietal epithelial and podocyte cell types positive for RFP. Interstitial macrophages, identified by
F4/80 expression (green), do not express RFP. Endothelial cells stained for CD31 (green) are also distinct from RFP-positive tubule cells (right panel). No
RFP-positive interstitial cell was observed.
(B) Interstitial cells do not express lacZ in Six2-GC+; R26R+ kidneys, as assessed by costaining for lacZ and SMA or F4/80.
(C) GFPCre is not expressed in adult kidney before or after injury. In 48 hr postischemic kidney, injured cells are identified by Kim-1 staining. GFPCre transgene
expression is not detected in these injured epithelial cells or in any other cell type in postischemic kidney. As a positive control, cap condensate cells from P1
kidneys of Six2-GC mice are strongly positive for GFP (inset). Scale bars, 50 mM.
(D) RT-PCR analysisconfirmed thatbothendogenousSix2 andCre transgene expressionare present only during nephrogenesis and not expressed in adult kidneyor
atmultiple time pointsafter renal injury. Inductionof Kim-1 mRNA served asa positivecontrol for injury. Similar results were obtained in two independent experiments.revealed that the vast majority of repaired tubular epithelial cells
remained RFP positive, excluding collecting duct epithelia,
which remained RFP negative. In some tubules that were not
fully repaired, a simplified, RFP-positive, tubular epithelia lacking
a brush border could be seen lining the tubule, indicating that
active repair was occurring (Figure 4B). Similar results were
seen at 15 days in Six2-GC+; Z/Red+ mice (data not shown)
and in the Six2-GC+; R26R+ mice (Figure 4C). When RFP-
positive cells were compared in uninjured and repaired tubules,
94.3% ± 3.7% of noncollecting duct tubular cells were labeled
in the Six2-GC+; Z/Red+ kidneys prior to injury compared to
94.4% ± 2.4% RFP-labeled cells 15 days after injury. Similarresults were obtained using lacZ as the fate marker in which
95.0% ± 2.2% of tubular cells in the nephrons of the outer me-
dulla were labeled in Six2-GC; R26R kidneys before injury,
93.5% ± 3.2% cells were labeled 15 days after ischemic injury,
and 94.5 ± 3.1% were labeled 30 days after injury. Thus, despite
proliferation of at least 66.9% of renal epithelial cells during
repair, we observed no dilution of labeled cells.
Our analysis might miss a very small contribution of unlabeled
extratubular stem cells after one cycle of injury and repair. If
these cells have enhanced proliferative capacity, then unlabeled
cells could make up a much higher percentage of tubular cells
after a second consecutive cycle of injury and repair. To testCell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc. 287
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Surviving Epithelial Cells Repair Injured KidneyFigure 3. Proliferating Epithelial Cells in Injured Kidney Express RFP
(A) Most epithelial proliferation occurs early after injury. Ki67-positive tubular nuclei (red) were identified in outer medulla of kidney sections at baseline and at 2, 7,
or 15 days after kidney injury.
(B) Quantitation shows that 0.4% of tubular cells express Ki67 at baseline; by 2 days after injury, this number increases to 47.4% and then falls to 5.4% and 2.6%
by 7 and 15 days after injury, respectively (average ± SD).
(C) Verification that ischemic injury is reversible. Bilateral IRI was performed and serum creatinine was 1.9 ± 0.3 mg/dL (n = 3) (average ± SE) 24 hr after ischemia,
indicating significant functional impairment; however, by 15 days, kidney function had normalized with average serum creatinine of 0.2 ± 0.1 mg/dL.
(D) Histologic evidence of tubular injury. In mice subjected to unilateral IRI, the appearance of renal epithelial cells in the outer medulla from contralateral, un-
injured kidney contrasts greatly with the appearance of injured epithelial cells from the ipsilateral, injured kidney 2 days after IRI. Injured tubules are characterized
by loss of PAS-stained apical brush border, simplified epithelium (arrows), and tubular casts (*). Ki67-positive cells are rarely observed in the uninjured kidney in
either cortex or medulla, whereas numerous intratubular, Ki67 (green, nucleus) and RFP (red) double-positive cells are seen in 2 day postischemic kidney
(middle panels). In more severely injured outer medullary tubules, flattened RFP-positive cells lining the tubule are Ki67 positive (arrows, lower panels). Scale
bars, 50 mM.this possibility, we performed bilateral IRI on Six2-GC+; Z/Red+
mice and allowed them to repair for 10 days. We then performed
unilateral IRI, allowed the kidneys to recover for another 10 days,
and then analyzed the number of labeled cells in the single
versus double-injured kidneys. This analysis revealed that
93.9% ± 2.1% of tubular epithelial cells expressed RFP after
one cycle of injury and repair and 94.1% ± 2.0% expressed
RFP after two cycles of injury and repair, arguing against the
presence of a small population of unlabeled cells with enhanced
proliferative capacity.
To confirm that epithelial cells are responsible for renal repair,
we generated a transgenic mouse with genetically labeled
interstitial, but not epithelial, cells by crossing a mouse with
expression of GFPCre under control of the FoxD1 promoter
(Hatini et al., 1996) to the lacZ reporter mouse, and we subjected
these mice to injury and repair. Although there was strong inter-
stitial lacZ activity in kidneys of adult FoxD1-GC+; R26R+ mice,288 Cell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc.there was no increase in the contribution of lacZ-positive cells
to tubular epithelium after injury and repair (data not shown).
DISCUSSION
These observations indicate that repair of injured nephrons is
predominantly accomplished by intrinsic, surviving tubular
epithelial cells. Although we cannot formally exclude a very minor
contribution from another cell type, if this population exists, it
does not play a significant physiologic role as the source of
new cells in repair of the postischemic nephron. Important to
these conclusions, we could not detect GFPCre, RFP, or lacZ
signal in any interstitial compartment. Thus, we can be confident
that any extratubular renal stem/progenitor cell would have
been unlabeled, and its contribution to repopulation of the epi-
thelium would have been detected after kidney repair by dilution
of the labeled cells. Our finding that labeled interstitial cells in
Cell Stem Cell
Surviving Epithelial Cells Repair Injured KidneyFigure 4. Repaired Epithelial Cells Express RFP or lacZ despite Extensive Proliferation during Repair
(A) Quantitative estimate of cell proliferation during repair. Mice were subjected to unilateral IRI, given daily injections of BrdU, and sacrificed on day 7. Epithelial
cells (66.9% ± 9.9%) (average ± SD) in the outer medulla had incorporated BrdU during repair (right panel), compared with 3.5% ± 1.2% BrdU incorporation in the
contralateral, uninjured kidney (left panel). Scale bar, 100 mM.
(B) Epithelial RFP is not diluted after injury and repair. Kidneys from mice subjected to unilateral IRI were allowed to heal for 7 days, at which point RFP expression
was assessed. No RFP expression was detectable in Six2-GC; Z/Red+ kidneys (left panel), whereas the vast majority of tubules expressed RFP in the outer
cortex of Six2-GC+; Z/Red+ kidneys (middle panel). Green autofluorescence of sections and cast material is shown after long exposure to highlight tubule struc-
ture. A high-power image shows a uniformly RFP-positive tubule adjacent to an RFP-negative collecting duct labeled with DBA-lectin (*) (right panel). Scale bar,
100 mM.
(C) Epithelial lacZ expression is not diluted in Six2-GC+; R26R+ kidneys after repair. Mice were subjected to unilateral IRI and kidneys harvested after 15 days and
subjected to X-gal staining. There is no endogenous lacZ expression detectable in R26R mice (left panel), whereas strong and homogenous lacZ activity is seen in
repaired tubules from Six2-GC+; R26R+ mice at low (middle panel) and high magnification (right panel). Scale bar, 100 mM.FoxD1-GC+; R26R+ kidneys do not contribute to repaired renal
epithelia supports these conclusions, excluding a significant
role for the interstitial cell population.
The absence of label dilution after injury and repair confirms
that bone marrow-derived cells do not directly contribute to renal
repair (Duffield et al., 2005; Lin et al., 2005). These findings alsoindicate that papillary interstitial cells do not directly contrib-
ute to renal epithelial cells in this model of unilateral IRI (Oliver
et al., 2004). Importantly, these studies do not rule out a para-
crine effect of such cells on the repair process, as has been pro-
posed for bone marrow-derived, mesenchymal stem cells
(Bi et al., 2007; Duffield et al., 2005; Togel et al., 2007). Further,Cell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc. 289
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possibility that there may be distinct differences in regenerative
potential among epithelial cells. In one model, all cells may
have equal potential to repair and repopulate, as has been re-
cently argued for pancreatic b cells in the adult pancreas (Bren-
nand et al., 2007). Alternatively, a resident epithelial progenitor/
stem cell may be responsible for effecting repair. Candidate
markers for intratubular stem cells have been reported including
Oct4 and long-term label retention in rodents and the transcrip-
tion factor escargot in Drosophila malpighian tubules (Gupta
et al., 2006; Maeshima et al., 2006; Singh et al., 2007); however,
clonal analysis may be essential to distinguish between alterna-
tive mechanisms in renal repair. Clearly, understanding the sig-
nals regulating epithelial dedifferentiation and proliferation, and
the factors that prevent this from occurring in a timely fashion
in many patients, will inform the development of novel therapeu-
tic strategies for the treatment of AKI.
EXPERIMENTAL PROCEDURES
Generation of Mice with Genetically Labeled Renal Epithelia
The Six2-GC and FoxD1-GC transgenic mice were generated using standard
techniques; full details of these lines, their generation, and their use in identi-
fying kidney lineage will be documented elsewhere (A.K., M.T.V., and
A.P.M., unpublished data). Z/Red (Vintersten et al., 2004) and R26R (Soriano,
1999) mice were obtained from The Jackson Laboratory, Bar Harbor, ME.
Genotyping of all mice was performed by PCR. The studies were performed
in mixed background mice generated by crossing the Six2-GC (129/B6) with
either Z/Red (129/B6) or R26R (129/B6).
Ischemia-Reperfusion Injury
In all cases, studies were done according to the animal experimental guide-
lines issued by the Animal Care and Use Committee at Harvard University.
Animals were anesthetized with pentobarbital sodium (60 mg/kg body weight,
intraperitoneally) prior to surgery. Body temperatures were controlled at
36.5C–37.5C throughout the procedure. Kidneys were exposed through
flank incisions, and mice were subjected to ischemia by clamping the renal
pedicle with nontraumatic microaneurysm clamps (Roboz, Rockville, MD),
which were removed after 25 min (males) or 35 min (females). NaCl (1 ml of
0.9%) was administered intraperitoneally 2 hr after surgery. In some experi-
ments, BrdU was administered daily at 50 mg/g in sterile 0.9% NaCl.
Tissue Preparation and Histology
Mice were anesthetized, sacrificed, and immediatlely perfused via the left
ventricle with ice-cold PBS for 2 min. Kidneys were hemisectioned, and
portions were snap frozen in liquid nitrogen. Other kidneys were fixed in
10% neutral buffered formalin at 4C for 12 hr, processed, embedded in
paraffin wax, sectioned, and stained with periodic acid-schiff using standard
procedures. Some kidneys were fixed in 4% PLP fixative (4% paraformalde-
hyde, 75 mM L-lysine, 10 mM sodium periodate) for 2 hr at 4C, cryoprotected
in 30% sucrose, and snap frozen in optimal cutting temperature compound
(OCT, Sakura FineTek, Torrance, CA). Cryosections (7 mm) were mounted on
Fisher Superfrost Plus (Fisher) microscope slides, air dried, and treated for im-
munofluorescence as described (Park et al., 2002). Sections were mounted in
Vectashield containing 40, 6-diamino-2-phenylindole (VectorLabs, Burlingame
CA). Images were taken with a Nikon TE2000 microscope, CoolSnap camera
(Roper Scientific, Germany), and processed using IP lab software (BD Biosci-
ences, San Jose, CA). Other immunofluorescence images were obtained on
either a Nikon TE2000 and deconvoluted with autodeblur software, as previ-
ously described (Duffield et al., 2005), or on a Nikon C1 D-Eclipse confocal mi-
croscope using standard procedures.
lacZ activity was measured by standard X-gal staining protocol on 7 mM
frozen kidney sections that had been fixed in PLP for 2 hr. Care was taken
to perform X-gal staining at neutral pH and was carried out for 12–24 hr at290 Cell Stem Cell 2, 284–291, March 2008 ª2008 Elsevier Inc.37C, then counterstained with either eosin (Sigma-Aldrich, St. Louis, MO)
or with Vectashield plus DAPI and mounted.
RT-PCR
RNA was isolated from snap-frozen kidneys stored at 80C using standard
procedures (Rneasy, QIAGEN). RNA was treated with DNase1 (Invitrogen),
and reverse transcription was performed on 0.5 ug total RNA (iScript, BioRad).
PCR was performed on 1/20 of the RT product using the following primer pairs:
Six2 F, 50-TCAATGGCAGTGGCAAGTCG-30; R, 50-TCAAGCACGGAAAGCAA
GCG-30; Cre F, 50-TTCCCGCAGAAC CTGAAGATG-30; R, 50-CCCCAGAAATG
CCAGATTACG-30; Kim-1 F, 50-ATGAATCAGATTCAAGTCTTC-30; R, 50-TCTG
GTTTGTGAGTCCATGTG-30; GAPDH F, 50-TGGAGAAACCTGCCAAGTA-30;
and R, 50-AAGAGTGGGAGTTGCTGTTG-30. The cycling conditions were as
follows: Six2, Tm 62C and 35 cycles; Cre, Tm 57C and 35 cycles; Kim-1,
Tm 55C and 30 cycles; and GAPDH, Tm 53C and 25 cycles. PCR products
were visualized on ethidium bromide containing 2% agarose gels and
photographed.
SUPPLEMENTAL DATA
Supplemental Data include two figures and Supplemental Experimental
Procedures and can be found with this article online at http://www.
cellstemcell.com/cgi/content/full/2/3/284/DC1/.
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